In this study, experimental resin-based primers with varying concentrations of acidic methacrylate were formulated and tested as to their potential in improving the repair bond strength of an aged dental composite resin. The photocurable primers contained (wt%) methacrylate monomers (20-60%), acidic methacrylate (0-40%), silane coupling agent (10%), and ethanol (30%). The pH of the solutions varied between 4.8 and 0.31. The degree of C = C conversion of the primers, measured using Fourier transform infrared spectroscopy, varied between 22% and 42%, with a linear decrease in conversion associated with increased concentration of acidic methacrylate (R 2 = 0.961; p < 0.01). Composite resin blocks aged using 1000 thermalcycles served as substrate for the repair bond strength test. The primers were vigorously applied to the composite surfaces and a silicone mold with cylindrical orifices was placed onto the surface. The orifices were filled with fresh composite resin (simulating the repair). In the control group, no primer was applied. A shear bond test was conducted after 24 h (n = 16 per group). Failure modes were classified under magnification. Data were statistically analyzed at p < 0.05. Repair bond strength values varied between 7.2 and 26.5 MPa. The control group had lower bonding ability than all primed groups. The increased content of acidic methacrylate had no significant association with bond strengths. In the control group only interfacial failures were detected, whereas cohesive failures within the aged composite were observed in the primed groups. In conclusion, application of methacrylate-based primers might improve the repair bond strength of dental composite resins. The concentration of acidic methacrylate on the primer had no significant effect on the immediate repair potential.
Background
The longevity of dental composite resin restorations depends on a number of factors related to the restored teeth, restorative technique, and restorative materials. Studies indicate that the main reasons for clinical failures of composite restorations are secondary caries and restoration fractures [1, 2] . For many years, when the restorative material failed, the usual treatment indicated was complete replacement of the restoration using fresh composite resin [3] . Complete replacement of the restoration, however, is associated to additional removal of surrounding sound tooth structure [4] , enlarging the tooth preparation [5] . Replacing the complete restoration also involves longer clinical chair time, increasing the costs of dental restorative treatments [4, 6, 7] .
In the last years, other treatments have been indicated as alternatives to the complete replacement of failed restorations, such as restoration repair or refurbishing. Whereas replacement of existing restorations is defined by complete substitution of the restorative [8] , the repair procedure consists in removing only the defective portion of the composite and replacing it with fresh material. It has been reported that repairs might increase the longevity of dental restorations [8, 9] . Another alternative is to refurbish the restoration, i.e., adding new material to the defective portion of the restoration without removing any existing portion of the restorative [10] .
Considering that the current concepts of restorative dentistry are conducted by minimally-invasive procedures, repairing a defective restoration may be accounted as a more conservative restorative approach than complete replacement. There are some questions regarding the performance of repaired restorations, particularly concerning the bonding between the aged (old) and fresh composite portions. In vitro studies have reported several surface treatments of the aged composite used to improve the interaction with the new material [4, 5, 11] . However, there are no gold-standard materials or techniques for repairing composite restorations to date. In addition, the treatments reported usually involve the use of acids or sandblasting, which may be considered complicated for intraoral use.
A possibility to improve the interaction between the old and fresh composites in restoration repairs could be the use of methacrylate-based primers to treat the aged surfaces. These repair primers could allow interaction with the old composite by conditioning the surface through a self-etch adhesive approach combined with a chemical coupling provided by co-polymerization. There are no studies reporting on this restorative approach, and no commercial materials are available for that purpose. Therefore, the aim of this study was to formulate experimental resin-based primers to improve the repair bond strength of dental composites. This preliminary investigation focused on the impact that the concentration of acidic methacrylates in the primer would have on the repair outcome. The hypothesis tested was that increasing the acidic methacrylate content would improve the repair bond strength of aged composites.
Methods

Formulation of the experimental repair primers
Methacrylate-based repair primers were formulated by mixing the monomers urethane dimethacrylate (UDMA) and 2-hydroxiethyl methacrylate (HEMA), from Esstech Inc. (Essington, PA, USA), with the acidic monomer 1,3-glycerol phosphate dimethacrylate (GDMA-P), and the silane coupling agent 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, St. Louis, MO, USA). A 0.4% mass fraction of camphorquinone (CQ, Esstech), relative to the content of resin monomers and silane, was used as photosensitizer and a 0.8% mass fraction of ethyl 4-(dimethylamino)benzoate (EDAB, SigmaAldrich) was used as co-initiator. Absolute ethanol (Vetec, Duque de Caxias, RJ, Brazil) was used as a solvent carrier. Five different primers, labeled as P0-40, were obtained by varying the acidic monomer (GDMA-P) concentration (Table 1 ). The pH of the solutions was measured using a pHmeter (An2000; Analion, Ribeirão Preto, SP, Brazil).
Degree of C = C conversion analysis
The degree of C = C conversion (DC) of each primer (n = 7) was evaluated using Fourier transform mid-infrared spectroscopy (Prestige21; Shimadzu, Tokyo, Japan) with an attenuated total reflectance device composed of a diamond crystal. A standard volume of the primer was dispensed on the diamond cell. The solvent was evaporated for 20 s using compressed air and a preliminary reading for the unpolymerized material (monomer) was taken using 24 co-added scans and 4 cm -1 resolution. The primer was photoactivated for 20 s using a blue light-emitting diode curing unit (Radii; SDI, Victoria, Australia) with 800 mw/cm 2 irradiance. Another spectrum was acquired for the polymerized material. The %DC was calculated as previously described [12] .
Preparation of composite specimens
Twenty four blocks (18 × 10 mm, thickness 3 mm) were prepared by incrementally placing a commercially available microhybrid composite resin (Opallis; FGM, Joinville, SC, Brazil), shade A2, into a silicone mold. Photoactivation of each increment was carried out for 20 s. The blocks were aged using 1000 thermalcycles in distilled water at 5 ± 5°C and 55 ± 5°C, with a 60 s dwell time [13] [14] [15] . The aged specimens were embedded in epoxy resin and grounded with 600-and 1200-grit SiC abrasive papers to simulate the surface preparation used in the clinical setup before a composite repair is carried out.
Repair bond strength test
The experimental primers were vigorously applied to the surface of the composite blocks for 20 s using a microbrush and were gently dried for 10 s using compressed air.
To delimitate the bonded area, a silicone mold (thickness 0.5 mm) with four cylindrical orifices (diameter 1.5 mm) was placed onto the surface of the blocks and the primer was photoactivated for 20 s. The orifices were filled with fresh composite resin (Opallis) to simulate the repair procedure and covered with a polyester strip and a glass slide. The composite was photoactivated for 20 s. In the control group, no primer was applied to the composite blocks (unprimed specimens). The distance between the repair composite cylinders was ≥4 mm. The repaired specimens were stored in distilled water at 37°C. After 24 h, a thin wire was looped around each composite cylinder and a shear bond strength test was conducted on a mechanical testing machine (DL500; EMIC, São José dos Pinhais, PR, Brazil) at a crosshead speed of 0.5 mm/min until failure. Repair bond strength values were recorded in MPa. For each composite block 4 repair resin cylinders were obtained, defining a total of 16 cylinders (4 composite blocks) tested for each group. The composite cylinders were considered the experimental units.
Failure analysis
After the shear bond strength test, the surface of the aged composite was examined with a stereomicroscope under a 40× magnification. The failure modes were classified as adhesive (interfacial failure) or cohesive within the aged composite.
Statistical analysis
DC and bond strength data were analyzed using ANOVA and Student-Newman-Keuls as post hoc test. The relationship between acidic monomer concentration and DC or bond strength was investigated using linear regression analysis. A significance level of α = 0.05 was set for all analyses.
Results and discussion
Results for DC and repair bond strength are shown in Table 2 . The power of the performed test was = 1 for both statistical analyses. Whereas no significant differences in DC were observed between P0 and P10 (p = 0.444), all other comparisons indicated significant differences between the primers (p ≤ 0.0042). A significant linear decrease in DC was associated with increased concentration of GDMA-P. This finding is explained by the lower pH of the solutions (Table 1) reducing the methacrylate polymerization rate and extent [16, 17] . These events occur due to the ability of the acidic monomers in quenching free radicals [18] and due to the fact that monomers terminated by an acid group are less reactive as compared with regular methacrylates [19] . In addition, the incorporation of GDMA-P was conducted by replacing UDMA and HEMA, which are more reactive in the polymerizing reaction environment than GDMA-P [20] . In contrast to DC, the increased content of GDMA-P had no significant association with bond strength. The control group had significantly lower bond strength than all primed groups, irrespective of the acidic methacrylate concentration (p < 0.001). This finding indicates that all primers were effective in improving the immediate repair potential of the aged composite, although the acidic methacrylate concentration had no significant effect on the bonding ability (p ≥ 0.118). Thus, the hypothesis tested was rejected. The rationale of increasing the concentration of acidic methacrylate was related to a possible increased Table 2 Means (SD) for degree of C = C conversion and repair bond strength*
Group
Degree of C = C conversion, % Repair bond strength, MPa surface etching aggressiveness [21] , which could lead to improved mechanical keying with the composite surface. Additionally, the higher content of acidic methacrylates could lead to better chemical interaction with the glass filler particles of the aged composite. A mechanism for the bond between acid-derivative methacrylates and glass particles based on an ionic interaction between the acid and silanol groups has been recently proposed [22] . The minor effect of the GDMA-P concentration on the bonding ability is probably related to the low reactivity of the aged polymer network and low surface area of glass particles available on the composite surface for chemical coupling. Notwithstanding, the role of the acidic methacrylate on the longevity of the repair bonds will be addressed in a future investigation.
Results for the failure analysis ( Figure 1 ) indicated that only interfacial failures were detected in the control group, whereas cohesive failures within the aged composite were observed in the primed groups. Aging of the dental composite was simulated by thermalcycling, which might reduce the mechanical strength of polymers [13, 23] . This could explain the occurrence of cohesive failures within the aged composite during the shear test, which is known to lead to stress concentration underneath the bonded interfaces [24] . However, a predominance of interfacial failures was generally observed for all treated groups, except for P0 and P30. Interfacial failures are characterized by complete debonding between the fresh and aged composite interfaces. The high occurrence of interfacial failures is probably related to the inability of the primer in creating surface irregularities for a strong mechanical interlocking, or inability in providing proper chemical interaction with the aged composite.
The lower DC observed for primers with higher GDMA-P concentration was not associated with lower bonding potential. This result corroborates the findings of a previous investigation showing that the DC only marginally affected the early bond strengths of resin-based primers to a polycrystalline zirconia ceramic [17] . The impact of higher DC on the stability of the repair bonds is yet to be determined, since higher conversion and improved mechanical strength of the bonded assembly could reduce the hydrolytic effects that water may have on the primed repair surfaces.
The literature reports several methods used in an endeavor to improve the bond strength between fresh and aged composites in restoration repairs. These methods include application of chemicals (chemical treatment), use of abrasion with diamond points or sandblasting with alumina particles (mechanical treatment), or a combination of chemical and mechanical treatments [4, 5, 11] . The present investigation reported on the use of methacrylate-based repair primers, showing that priming the aged composite was effective in improving the repair bond strength as compared with the untreated group. Application of surface primers can be accounted as a simple, cost-effective, and safe method for use in the intraoral environment. However, the formulation of the primers needs to be further addressed. In this study, one basic solution was elected to be highlighted for the purpose of improving the repair bond strength of aged composites. The effects of variations in the selection and relative concentrations of different components on the immediate and long-term repair bond strengths will be addressed in future studies.
